working with L. monocytogenes.
Construction of mariner-based transposon delivery vectors. The plasmids and primers
used for the construction of a mariner delivery vector for L. monocytogenes are listed in Tables   1 and 2 , respectively. pPL2 (17) and pDG780 (12) were digested with SacI and XhoI, and the gram-positive kanamycin (kan) resistance cassette from pDG780 was ligated into pPL2 creating pMC14. The gram-positive chloramphenicol acetyl transferase gene (cat) from pPL2 was amplified by PCR with primer pairs Marq155/156 and ligated into pCR2.1-Topo (InVitrogen) creating pMC1. pMC1 was digested with BamHI and ligated into the BglII site of pMMOrf (15) between the 5' and 3' Himar1 inverted terminal repeats (ITR) creating pMC3. The Himar1 transposase gene (tpase) (16) was amplified by PCR from pNF1100 (provided by Nancy Freitag) with primer pairs Marq188/234. The promoter regions of Bacillus subtilis CU1065 (provided by John Helmann) mrgA and katA genes were amplified by PCR using primer pairs Marq247/248 and Marq249/250, respectively. P mrgA , P katA , and tpase PCR fragments were digested with BamHI and each promoter was ligated to tpase individually. P mrgA -tpase and P katAtpase ligation products were amplified by PCR with primer pairs Marq247/188 and Marq249/188, respectively. P mrgA -tpase and P katA -tpase PCR products, and pMC14 were digested with KpnI and SphI. The pMC14 fragment comprised of RP4oriT, p15Aori, gramnegative cat and gram-positive kan genes was ligated with P mrgA -tpase and P katA -tpase, respectively. The ITR-cat-ITR fragment from pMC3 was ligated at the KpnI and XhoI sites, and the gram-positive cat gene was later replaced by ermC. This replacement was done by amplifying ermC from pPL3e (10) with primer pairs Marq205/206, digesting the PCR products and vector with NdeI and replacing the cat gene by ermC between the ITR. Last, the temperature sensitive origin of replication pE194ts ori in pKSV7 (22) was amplified by PCR using primer pairs Marq194/195, digested with KpnI and ligated into each vector, creating pMC38 (P mgrA ) and pMC39 (P katA ) respectively (Fig. 1) . The vectors have a size of 8172 bp (pMC38) and 8297 bp (pMC39) and the transposon itself is 1395 bp.
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The Himar1 transposase and the ITR sequences are the only two factors required for transposition, thus successful expression of the transposase in L. monocytogenes is the key element. In our initial constructs, L. monocytogenes p60 (pMC25) and actA (pMC30) promoters were used to direct transcription of the transposase gene. This approach failed as the entire plasmid invariably integrated into the chromosome. However, when we used B. subtilis to evaluate the efficiency of transposition with these same vectors, we obtained a very low level of plasmid retention (data not shown). We rationalized that the Listeria promoters were responsible for mediating plasmid integration into the chromosome of L. monocytogenes, and sought to use two B. subtilis σ A -dependent promoters (P mrgA and P katA ) with no sequence similarity to the Listeria genome (6). This approach was very successful. The same procedures were used to evaluate the Tn917-based transposition system, Tn917-LTV3 (4), except that erythromycin 1 µg/ml plus lincomycin 25 µg/ml were used for selection of transposon mutants and tetracycline 12.5 µg/ml was used to evaluate plasmid retention.
Evaluation of the
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In general, we obtained 10-fold more mutants with the mariner-based vectors than with the Tn917-based vector (Table 3) . Plasmid retention was less than 2.5% for the mariner-based vectors, whereas it was more than 50% with the Tn917-based vector. Therefore, we estimated that the efficiency of transposition of the mariner-based vectors was more than 20-fold higher than that of the Tn917-based vector by comparing the numbers of transposon insertion mutants (colonies that have lost the plasmid) generated by the two systems.
To evaluate the randomness of transposition, we arbitrarily picked 100 erythromycin resistant Readable sequencing results were obtained from 77 transposon insertion mutants, including one pair of siblings and a series of three genes that were hit twice. Of the 77 mutants, 36
insertions were in positive strand ORF, 29 in negative strand ORF, and 12 in intergenic regions (Fig. 2) . The mutants distributed evenly along the L. monocytogenes genome and there was no bias in terms of the transposon orientation. We further aligned all the insertion sites and no sequence specificity beyond the known requirement of the dinucleotide TA was found (data not shown).
Taken together, these results show that the newly designed mariner-delivery vectors are powerful genetic tools to study L. monocytogenes. The mariner-based system out-achieves the Tn917-based system in the following aspects: transposition efficiency, randomness, and a low rate of plasmid retention. The temperature-sensitive replicon (pE194ts ori) and the non-inducible erythromycin resistance gene (ermC) are common to many gram-positive bacteria. We believe that this mariner-based system will be a great tool for the entire community of scientists working with L. monocytogenes and with other low GC gram-positive bacteria.
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